We isolated aromatics-degrading bacteria from the gut of a lower termite, Coptotermes formosanus, using a mineral salt medium containing various aromatic compounds as the sole carbon source. Two species, Burkholderia sp. strain VE22 and Citrobacter sp. strain VA53, were isolated by aerobic enrichment culture with veratraldehyde and vanillin, respectively. Strain VA53 could also grow and metabolize vanillin anaerobically.
In tropical and subtropical regions, termites are important in the degradation of plant matter; cellulose, hemicellulose, lignin, and aromatics (including lignan and ‰avonoids). Termites have a specialized hindgut ‰ora, including bacteria and protozoa, 1) which enables them to degrade organic matter. 2) Mechanisms of cellulose digestion in termites have become clearer, but understanding of lignin and aromatics degradation remains incomplete. 3) Cookson demonstrated lignin digestion by collecting 14 CO2 respired by termites fed natural and synthetic lignins and related compounds. 4) Using microelectrode technology, Brune et al. showed that oxygen gradients exist in termite guts, and that oxygen is a critical cosubstrate for the degradation of aromatic compounds by termite gut micro‰ora. 2, 5) The degradation of lignin and aromatic compounds by microorganisms is largely the domain of aerobic fungi. 6) These reports suggest that aerobic organisms contribute to degrading lignin and aromatic compounds in the termite gut. Some aerobic bacteria have been isolated from termite guts. [7] [8] [9] Low-molecular-mass aromatic compounds are produced by plants and are transformed from lignin during its depolymerization. Our aim was to isolate aerobic microorganisms from the termite gut that can degrade these aromatic compounds. We tried to isolate aromatic-degrading microorganisms from the termite gut using various lignin-related aromatic compounds as carbon sources in a medium containing mineral salts. The medium consisted of 6.2 g of Na2HPO4, 3.0 g of KH2PO4, 0.5 g of NaCl, and 1.0 g of NH4Cl per liter. Lignin-related aromatic compounds were 3,4-dimethoxyphenylpropanoic acid, veratryl alcohol, veratraldehyde, 3,4,5-trimethoxybenzaldehyde, 3,5-dimethoxy-4-hydroxyphenylpropanoic acid, ferulic acid, vanillic acid, vanillin, 2,6-dimethoxyphenol, guaiacol, benzoic acid, and phenol. Each compound was added to the medium to aˆnal concentration of 0.05z as the sole carbon source.
Coptotermes formosanus Shiraki was collected from dead trees in the forest of Iriomote Island, Okinawa, Japan. After preparation of the hindgut, 2) the internal contents (20 mg) were suspended and homogenized in a sterile NaCl solution (0.4z, 1 ml). Portions (80 ml) were injected into 4.0 ml of medium containing one of the aromatic compounds. The cultures were shaken aerobically at 150 rpm at 309 C. After 2 weeks of cultivation, portions of culture (20 ml) were transferred to new medium and then incubated under the same conditions. Subculture was done three times. The cultures were transferred to medium solidiˆed with puriˆed agar (15 g W l) . Pure cultures of microorganisms were obtained by several subsequent platings. Finally, two bacterial strains, VE22 and VA53, were isolated from cultures in media containing veratraldehyde and vanillin, respectively.
Isolates degrading aromatics were characterized by microscopy and physiological study. Isolates were also identiˆed by 16S rDNA sequencing. 10) In brief, with conserved eubacterial primers, 10) a 1.5-kb fragment was ampliˆed with total DNA. The veratraldehyde-degrading isolate, strain VE22, is a Gram-nega- tive, oxidase-positive, short rod-shaped bacterium measuring 1.0 mm by 0.4 mm. Strain VE22 oxidized glucose, arabinose, mannose, mannitol, N-acetylglucosamine, and gluconic acid. It was unable to oxidize maltose, citrate, adipate, or n-caprate. Neither starch hydrolysis nor gelatin liquefaction was observed. Indol and urease were produced, but arginine hydrolase and b-galactosidase were not. The only isoprenoid quinone of strain VE22 was ubiquinone (UQ)-8. The main fatty acids in the cells of strain VE22 were i-16:0 (21.8z of total fatty acid methyl esters), n-16:0 (13.4z), and i-18:0 (20.8z). Strain VE22 also contained 3-OH 16:0 (6.3z) and n-18:0 (3.1z). These results and the relationship to other related organisms found by 16S rDNA sequencing ( Fig. 1) suggested that strain VE22 was a member of the genus Burkholderia.
The vanillin-degrading isolate, strain VA53, was identiˆed as a new bacterium in Enterobacteriaceae by its relationship to other organisms found by 16S rDNA sequencing (Fig. 1) . Strain VA53 was a Gramnegative, oxidase-negative, short rod-shaped bacterium measuring 0.5 mm by 0.4 mm. It oxidized glucose, arabinose, mannose, mannitol, sorbitol, and rhamnose and could use citrate as the sole carbon source. It was unable to oxidize inositol or melibiose. Neither starch hydrolysis nor gelatin liquefaction was observed. Indol was not produced. Arginine hydrolase, b-galactosidase, and ornithine decarboxylase were produced, but urease and lysine decarboxylase were not. The major isoprenoid quinone of strain VA53 was UQ-8 (77.8z of total quinones). Small amounts of UQ-7 (5.3z) and UQ-9 (9.5z) were detected. The main fatty acids in the cells of strain VA53 were n-16:0 (32.4z of total fatty acid methyl esters), i-16:0 (20.7z), and 3-OH 16:0 (17.6z). Strain VA53 also contained n-14:0 (3.2z), 3-OH 14:0 (0.6z), a-15:0 (0.2z), i-15:0 (0.6z), i-16:0 (6.6z), n-18:0 (1.6z), and i-18:0 (0.7z). These results and the phylogenetic tree in Fig. 1 suggested that strain VA53 was a member of the genus Citrobacter.
The 16S rDNA sequences discussed here have been deposited in the DDBJ W EMBL W GenBank nucleotide sequence databases under accession nos. AB088048 (strain VE22) and AB088049 (strain VA53).
Aromatic metabolism consists of peripheral and central pathways.
11) Peripheral pathways convert a large variety of aromatic compounds into a few central aromatic intermediates (benzoic acid, catechol, protocatechuic acid, gentisic acid, and so on). The central intermediate produced is generally ready to be dearomatized via cleavage of aromatic ring structures. To clarify the peripheral pathway during transformation of aromatics by 2 isolated bacteria, we detected metabolites in medium containing veratraldehyde (3 mM) or vanillin (3 mM) as the carbon source, the above-mentioned mineral salts, and 0.05z yeast extract. After aerobic incubation at 150 rpm at 309 C, metabolites were extracted with ethyl acetate (two 4-ml portions). The organic phases were evaporated under reduced pressure. The extract was analyzed by gas chromatography (GC-17A, Shimadzu). For identiˆcation of metabolites, the extract was analyzed also by GC-MS (TurboMass GC Mass Spectrometer, Perkin Elmer) with a 30-m fused silica capillary column (NeutraBond-1 column, GL Sciences Inc.). The mass spectrometer was operated in the electron ionization mode (70 eV). The oven temperature was programmed to rise from 100 to 3009 C at 109 C min -1 , with constant temperatures of 1009 C for 2 min, 2009 C for 2 min, and 3009 C for 6 min. The gas ‰ow pressure was 0.14 MPa. Injection and detection temperatures were 250 and 3009 C.
Strain VE22 was cultivated in medium containing veratraldehyde as the carbon source. It metabolized veratraldehyde in 2 days (Fig. 2) . Veratryl alcohol Anaerobic Conditions. Symbols: , strain VE22 under aerobic conditions; , strain VE22 under anaerobic conditions; $, strain VA53 under aerobic conditions; #, strain VA53 under anaerobic conditions. and 3,4-dimethoxybenzoic acid were detected as intermediate metabolites. Veratryl alcohol was detected on day 2 and then disappeared. 3,4-Dimethoxybenzoic acid was detected at a concentration of about 50z of that of the substrate from day 2 onwards. Aromatic carboxylic acids accumulated during the oxidation of aromatic aldehydes by Burkholderia cepacia TM1. 12) Strain VE22 gave similar results, although the mechanism of accumulation during biotransformation by Burkholderia species is not clear yet.
Strain VA53 was cultivated in a medium containing vanillin as the carbon source. It metabolized vanillin in 3 days (Fig. 3) . Vanillyl alcohol as an intermediate metabolite was detected on days 1 and 2. We did a metabolite experiment with resting cells of strain VA53 prepared from a culture after aerobic incubation at 150 rpm at 309 C for 3 days to see if vanillic acid was produced. The resting cells (OD660, 1.0) of strain VA53 in 50 mM phosphate buŠer (pH 7.4) at 309 C had degraded all of the vanillin in 3 h. Vanillyl alcohol accumulated to about 50z (mol W mol) of the initial concentration of vanillin by 1 h and then decreased with increasing time. All of the vanillin was transformed to vanillic acid by 5 h. These results suggest that strain VA53 metabolized vanillin via the peripheral pathway, forming the aromatic carboxylic acid as a central aromatic intermediate.
The central portions of termite gut are completely anoxic, although oxygen penetrates the peripheral hindgut below the epithelial surface. 5) Therefore, in addition to evaluating the metabolizing abilities of the two bacterial strains (VE22 and VA53) under aerobic conditions, we evaluated the metabolizing abilities of the 2 strains under anaerobic conditions. Anaerobic cultures were prepared under a N 2 atmosphere; resazurin (0.005z) was added to the medium to indicate the anaerobic condition. Strains VE22 and VA53 were cultivated in the above-mentioned media containing veratraldehyde and vanillin, respectively (3 mM). The cultures were agitated by reciprocal shaking at 309 C. Strain VE22 could not grow under anaerobic conditions (Fig. 4) . Strain VA53 could grow under both anaerobic and aerobic conditions, and transformed vanillin to vanillyl alcohol and vanillic acid under anaerobic conditions. Under anaerobic conditions, all of the vanillin disappeared in 7 days, and 65z (mol W mol, per initial concentration of vanillin) vanillyl alcohol and 15z vanillic acid accumulated in the culture.
In these results, the transformation of aromatic aldehydes to aromatic carboxylic acids by strains VE22 and VA53 seemed to occur via aromatic alcohols. Aromatic aldehyde oxidation to the respective acids has been demonstrated for Streptomyces sp., 13) Pseudomonas sp., 14) Serratia marcescens, 15) acetogens, 16) and Desulfovibrio strains. 17) Aromatic aldehydes are directly transformed to the respective carboxylic acids by aldehyde dehydrogenases. Vanillyl alcohol is produced by a reduction of vanillin by E. coli. 18) In this study, we isolated two bacteria, Burkholderia sp. strain VE22 and Citrobacter sp. strain VA53, that could transform aromatic aldehydes, one of them under both aerobic and anaerobic conditions. Aromatic aldehydes, including veratraldehyde and vanillin, are metabolic intermediates in the catabolism of phenolic stilbenes such as eugenol, ferulic acid, and lignin. Soluble aromatic aldehydes are also toxic to microorganisms. 19) Representative aldehydes (furfural, 5-hydroxymethylfurfural, 4-hydroxybenzaldehyde, syringaldehyde, and vanillin) function as inhibitors of growth and fermentation by ethanologenic E. coli. 20) The detoxiˆcation eŠect of aromatic aldehyde-degrading microorganisms in the termite gut is not understood yet. Such microorganisms may contribute to the stabilization of aerobic and anaerobic fermentation in the termite gut by transforming toxic aromatic aldehydes.
